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ABSTRACT 

The enzyme iron hydrogenase (HydA) has industrial applications for the 
production of hydrogen, specifically for catalyzing the reversible reduction of protons to 

4 molecular hydrogen. The present invention relates to the isolation of a nucleic acid 

5 sequence from the green algae Scenedesmus obliquus, CMamydomonas reinhardlii and 

6 Chlorella fusca (Chlorophyta) that encodes iron hydrogenase. The invention further 

7 discloses the nucleic acid, m-RNA and the protein sequences for HydA. The genes and 

8 gene products may be used in a photosynthctic process for hydrogen production which 

9 includes growing a microorganism containing the HydA gene in a culture medium under 

10 illuminated conditions sufficient to accumulate biomass and endogenous substrate; then, 

1 1 upon scaling of the biorcactor, allowing the culture to become anaerobic by consumption 

12 of an endogenous or exogenous substrate and to produce hydrogen gas in the light. 



13 
M 

15 

16 
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1 BACKGROUND OF THE INVENTION 

2 I. Field of the Invention 

3 The present invention relates to the isolation of a green alga (Chlorophyta) nucleic 

4 acid sequence that encodes an enzyme that catalyzes the transfer of electrons to protons 

5 for the production of molecular hydrogen, and more particularly to iron hydrogenase and 

6 genes encoding for iron hydrogenase in cukaryotic photosynthetic microorganisms. 



7 2. Prior Art 

8 Molecular hydrogen is currently being considered as the ideal candidate for 

9 supplementing or replacing fossil fuels and, thereby, offering a source of clean energy. 

10 Among the potential methods for producing hydrogen for commercial purposes, the 

1 1 photosynthetic production of hydrogen by cukaryotic organisms is a desirable way of 

12 generating a renewable hydrogen fuel from sunlight and water, as the latter arc among 

13 nature's most plentiful resources. 

14 The ability of green algae (Chlorophyta), such as Sccnedcsmus obliquus. 



15 Chlamydomonas rcinhardlii and Chlorella fusca, to produce hydrogen from water has 

16 been recognized for about 60 years. This reaction is catalyzed by a so-called reversible 

17 hydrogenase, an enzyme that is induced in the cells after exposure to a short period of 

18 anacrobiosis. However, the activity of the hydrogenase is rapidly lost, as soon as the 

19 light is turned on, because of immediate inactivation of the reversible hydrogenase by 

20 photosynlhctically generated 0 2 . 



1 Methods have been devised to circumvent the hydrogenase inactivalion problem. 

2 US Pal. No. 4,532,210 discloses the biological production of hydrogen in an algal culture 

3 using an alternating light and dark cycle. The process comprises alternating a step for 

4 cultivating the alga in water under aerobic conditions in the presence of light to 

5 accumulate pholosynthctic products (starch) in the alga and a step for cultivating the alga 

6 in water under microacrobic conditions in the dark to decompose the accumulated 

7 material by photosynthesis to evolve hydrogen. This method uses a nitrogen gas purge 

8 technique to remove oxygen from the culture. 

9 US Pat. No. 4,442,21 1 discloses that the efficiency of a process for producing 

10 hydrogen, by subjecting algae suspended in an aqueous phase to illumination, is 

1 1 increased by culturing algae which have been bleached during a first period of irradiation 

12 in a culture medium in an aerobic atmosphere until it has regained color and then 

13 subjecting this algae to a second period of irradiation wherein hydrogen is produced at an 

14 enhanced rate. A reaction cell is used wherein light irradiates the culture in an 

15 environment which is substantially free of C0 2 and atmospheric 0 2 . This environment is 

16 maintained by passing an inert gas (e.g. helium) through the cell culture to remove all 

17 hydrogen and oxygen generated by the splitting of water molecules in the aqueous 

18 medium. Although continuous purging of H,-producing cultures with inert gases has 

19 allowed for the sustained production of H,, such purging is expensive and impractical for 

20 large-scale mass cultures of algae. In view of the foregoing, there remains a need for a 

21 microorganism that produces a hydrogenase enzyme suitable for use in a sustainable 
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1 process of photosynthctic hydrogen production. There is a further need to clone the gene 

2 and identify the amino acid sequence of this hydrogenase as these have commercial 

3 applications for the production of hydrogen gas. 

4 

5 SUMMARY 

6 Accordingly, it is an object of the present invention to provide a gene encoding 



7 for hydrogenase in green algae (Chlorophyta) and to enumerate methods for using the 

8 gene product for the microbial photo-production of molecular hydrogen. Specifically, the 

9 invention provides isolated nucleic acid sequences encoding an iron-hydrogenase enzyme 

10 (HydA) that will catalyze the reduction of protons to form molecular hydrogen. 

1 1 Another object of the present invention is to provide isolated nucleic acid 

12 sequences encoding a protein that catalyzes the reduction of protons to form molecular 

13 hydrogen comprising SEQ. ID. NO. 1 . SEQ. ID. NO. 1 comprises a nucleic acid sequence 
M that encodes the Sccmdesmus obliquus HydA. 

15 It is a further object of the present invention to provide isolated nucleic acid 

16 sequences encoding a protein that catalyzes the reduction of protons to form molecular 

17 hydrogen comprising SEQ. ID. NO. 2. SEQ. ID. NO. 2 comprises a nucleic acid sequence 

18 that encodes CMamydomonas rcinhardtii HydA. 

19 It is yet a further object of the present invention to provide isolated nucleic acid 

20 sequences encoding a protein that catalyzes the reduction of protons to form molecular 
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1 hydrogen comprising SEQ. ID. NO. 3. SEQ. ID. NO. 3 comprises a nucleic acid sequence 

2 thai encodes Chlorella fusca HydA. 

3 A further object of the present invention is to provide fragments of the nucleic 

4 acid sequence comprising SEQ. ID. NO. 1, or SEQ. ID. NO. 2, or SEQ. ID. NO. 3. 

5 encoding iron hydrogenase, that code for products that maintain the biological activity 

6 necessary to catalyze the transfer of electrons to protons in a process for producing 

7 molecular hydrogen. Such fragments can be cither recombinant or synthetic or a 

8 combination thereof. 

9 A still further object of the invention is to provide amino acid sequences for 

10 HydA encoded by nucleic acid sequences identified hereinabove as SEQ. ID. NOS. 1-3. 

11 The features of the invention believed to be novel are set forth with particularity 

12 in the appended claims. However the invention itself, both as to organization and method 

13 of operation, together with further objects and advantages thereof may be best be 

14 understood by reference to the following description taken in conjunction with the 

15 accompanying drawings in which: 
16 

17 BRIEF DESCRIPTION OF THE DRAWINGS 

18 Figure I is a schematic representation of Sccncdcsmus obliquus HydA genomic 

19 and cDNA structures. 

20 Figure 2 is a comparison of the Scencdcsmus obliquus-dcnvcd iron hydrogenase 

21 amino acid sequence with HydA sequences derived from other organisms. 
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1 Figure 3 is a schematic representation of the genomic DNA structure from the 

2 green algae Sccncclesmus obliquus, Chlamydomonas reinhardtii and Chloral la fusca. The 

3 coding region oHiydA is indicated as a broad band with the transit peptide shown in 

4 yellow. The untranslated 5 'and 3 'sequences arc indicated as thin lines. The mosaic 

5 structure othydA is indicated by bright colored boxes (introns) and dark colored boxes 

6 (exons). Introns arc also marked, beginning with the 5* end of the sequences, by Latin 

7 numerals. 

8 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

9 The isolation, purification and biochemical and genetic characterization of a first 

10 novel iron hydrogenase from green algae (Taxonomy: Eukaryota; Viridiplantae; 

1 1 Chlorophyta; Chlorophyceac) is disclosed in a paper (Attachment A hereto) submitted by 

12 the present inventor on September 15, 2000 for publication in: 'The Journal of Biological 

13 Chemistry." The content of Attachment A, without limitation, is hereby incorporated 

14 herein by reference thereto. Attachment A discloses a monomcric enzyme, iron 

15 hydrogenase (HydA), having a molecular mass of 44.5 kDa (exclusive of the transit 

16 peptide associated therewith) derived from Sccnedesmus obliquus. The polypeptide 

17 derived from the cDNA sequence has a length of 448 amino acids and is the smallest 

18 hydrogenase described to date. The nucleic acid sequence coding HydA in Sccnedesmus 

19 obliquus is set forth in SEQ. ID. NO. I appended hereto. 

20 In addition to the unicellular green algae Sccnedesmus obliquus, discussed above. 

21 other algae within the order of Chlorophyta (e.g. Chlamydomonas reinhardtii and 
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1 Chlorellafusca) contain a gene (hydA) coding for a novel iron-hydrogenase enzyme 

2 (HydA), which is similar to that ot Scencdcsmus obliquus. This genc r through its encoded 

3 enzyme, catalyzes the synthesis of molecular hydrogen from protons and high potential 

4 energy electrons, and releases significant amounts of hydrogen gas. which is a valuable 

5 and clean source of energy. As with Scencdcsmus obliquus, the process entails the 

6 utilization of sunlight and the oxidation of water or organic substrate in photosynthesis to 

7 generate reduced fcrrcdoxin, which is the carrier of the high potential energy electrons. 

8 For the first time, the isolation, sequencing and characterization of this novel hydA 

9 genomic DNA, cDNA, precursor and mature iron-hydrogenase of photosynthetic 

10 cukaryotcs is reported which may be used for hydrogen gas production. 

1 1 The transcription of the iron-hydrogenase is very rapidly induced during 

12 anaerobic adaptation of the green algae. Hydrogen photoproduction by the cells can be 

13 observed soon following this induction. The genomic, cDNA and polypeptide sequences 

14 of the above-mentioned three representative green algae arc offered as examples of the 

15 properties of the gene and of the enzyme that it encodes. The genomic DNA. cDNA and 

16 polypeptide sequences from three representative green algae arc presented herein and arc 

17 regarded as exemplar}' of the potential application of the hydA gene from any and all 

18 Chlorophyta in the process of commercial hydrogen production: 

19 Scencdcsmus obliquus 

20 Genomic DNA: 5,001 bp, SEQ. NO. 1 (disc attached hereto) 

21 cDNA: 2,636 bp, SEQ. ID. NO. 7 (disc attached hereto) 
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Precursor prolcin: 448 amino acids, 44.5 kD, SEQ. NO. 4 (disc attached hereto) 



2 Mature protein: RRR amino acids, RRR kD 

3 Chlamydomonas rcinhardtii 

A Genomic DNA: 5,200 bp, SEQ. ID. NO. 2 (disc attached) 

5 cDNA: 2,399 bp, SEQ. ID. NO. 8 (disc attached) 

6 Precursor protein: 497 amino acids, 53.1 kD, SEQ. ID. NO. 5 (disc attached) 

7 Mature prolcin: 44 1 amino acids. RRR kD 

8 Chlorella fitsca 

9 Genomic DNA: 3,290 bp, SEQ. ID. NO. 3 (disc attached) 

10 cDNA: 2,427 bp, SEQ. ID. NO. 9 (disc attached) 

1 1 Precursor prolcin: 436 amino acids, RRR kD, SEQ. ID. NO. 6 (disc attached) 

12 Mature prolcin: RRR amino acids, RRR kD 

13 A schematic representation of S. obliquus hydA genomic and cDNA structures is 



14 shown in Figure 1 . A, the coding region of the hydA cDNA is illustrated as a large arrow 

15 with the transit peptide shown in black. The untranslated 59 and 39 sequences arc marked 

16 as lines. The arrows below indicate the sequencing strategy; each arrow represents an 

17 independent sequence determination. 7SP, transcription start point; ATG, start codon. B, 

18 the mosaic structure oUiydA is indicated by gray (exons) and while boxes (introns). 

19 Figure 2 provides a comparison of the deduced HydA protein sequence with other 

20 iron hydrogenascs. The protein alignment was done by using the Vector NTI program 

21 (InforMax). White letters with black background indicate amino acids identical to the 
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1 HydA protein. Black letters with graybackground indicate conserved changes of the 

2 amino acids. S. o.. S. oblujuus (Exhibit A); M. c. Mcgasphacra clsdcnii ( 1 3); D. </.. D. 

3 dcsttl fur icons (17); T. v.. Trichomonas vaginalis (10): C /;.. C. pastcurianum (9): 7*. /?/.. 

4 T. marHima (12); A', a. /V. ova/i'j> (11). The parenthetical references cited hereinabove arc 

5 appended to Exhibit A hereto. 

6 Figure 3 is a schematic representation of the genomic DNA structure from the 

7 green algae Scenedcsmus obliquus, Chlamydomonas rcinhardlii and Chioretla fusca. The 

8 coding region of hyd/i is indicated as a broad band with the transit peptide shown in 

9 yellow. The untranslated 5 'and 3 'sequences are indicated as thin lines. The mosaic 

10 structure of HydA is indicated by bright colored boxes (introns) and dark colored boxes 

1 1 (exons). Introns arc also marked, beginning with the 5' end of the sequences, by Latin 

12 numerals. 

13 The new class of iron-hydrogenascs described herein has a C-terminal portion and 

14 active site region (H-cluslcr) similar to that reported in non-photosynthetic prokaryolcs 

15 (e.g. Chlostridium pasicurianum). Cysteine residues and distinct other amino acids 

16 which arc strictly conserved in the active site (H-clustcr) of such non-photosynthctic 

17 prokaryolcs arc also conserved in the iron-hydrogenase of green algae. However, the N- 

18 terminal region of the green alga iron-hydrogenase is substantially different from that of 

19 HydA in non-photosynthctic prokaryotcs, revealing novel and unobvious pathways of 

20 electron transport for photosynlhctic hydrogen production in green algae, as detailed 

21 below. 
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1 Distinct iron-sulfur [Fc-S] centers, referred to as FS2, FS4C, FS4B and FS4A ? are 

2 encountered in the N-lcrminal region of the iron-hydrogenase in non-photosynthelic 

3 prokaryotes, and arc thought to be instrumental in the transport of high potential energy 

4 electrons from bacterial fcrrcdoxins to the catalytic site of the H-clustcr of the 

5 hydrogenase [Peters ct aL SCIENCE. 1998]. These distinct FS2. FS4C. FS4B and FS4A 

6 [Fc-S] centers arc missing from the HydA of green algae. A mature-protein folding- 

7 model of the green alga iron-hydrogcnasc and analysis of its structure [Florin ct al. 200 1 ] 

8 revealed a protein region of positive surface potential, evidenced by the presence of basic 

9 amino acids, which arc uniquely localized within the C-tcrminal domain and. therefore. 

10 near the catalytic site of the H-clustcr. On the other hand, a model of the structure of 

1 1 green alga fcrrcdoxin, which is different from prokaryotic fcrrcdoxins. revealed 

12 negatively charged amino acids near the [2Fc-2S] electron donor site of this molecule 

13 [Bcs ct al. 1999]. This structural analysis revealed that the [2Fc-2S] center of green algal 

14 fcrrcdoxin and the H-clustcr of the hydrogenase probably come into close proximity 

15 through electrostatic interactions. This molecular geometry' reveals a novel mechanism 

16 consisting of a direct and efficient electron transfer between the [2Fc-2S] center 

17 fcrrcdoxin and the H-clustcr that catalyzes hydrogen synthesis in green algae [Florin et aL 

18 2001 J. Thus, the hydA gene of green algae encodes an iron-hydrogcnasc polypeptide 

19 with a novel structure, one that uniquely permits a direct coupling and efficient clcctron- 

20 transfer from a [2Fc-2S] photosynthclic fcrrcdoxin to the active site of the H-clusier. In 

21 support of this conclusion, inhibitor experiments revealed that the PetF fcrrcdoxin 

9 



1 functions as a natural electron donor in green algae, linking the iron-hydrogenase with the 

2 photosynthclic electron transport chain in the chloroplast of these unicellular organisms. 

3 In summary, a process, operable in a culture comprising green algae, is described 
A whereby transcription of algal 1-IydA genomic DNA. followed by translation of the 

5 resulting mRNA, followed by targctting of the precursor protein and import of the 

6 polypeptide into the chloroplast, followed by the mature iron-hydrogenase folding and 

7 catalysis, leads to hydrogen (H 2 ) gas production. While particular embodiments of the 

8 present invention have been illustrated and described, it would be obvious to those skilled 

9 in the art that various other changes and modifications can be made without departing 

10 from the spirit and scope of the invention. It is therefore intended to cover in the 

1 1 appended claims all such changes and modifications that are within the scope of this 

12 invention. 

13 What we claim is: 
14 
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1 CLAIMS 

2 1 . An isolated nucleic acid sequence comprising SEQ. ID. NO. 1 . 

3 2. A hydrogenase having an amino acid sequence comprising SEQ. ID. NO. 4. 

4 3. An isolated nucleic acid sequence comprising SEQ. ID. NO. 2. 

5 4. A hydrogenase having an amino acid sequence comprising SEQ. ID. NO. 5. 

6 5. An isolated nucleic acid sequence comprising SEQ. ID. NO. 3. 

7 6. A hydrogenase having an amino acid sequence comprising SEQ. ID. NO. 6. 

8 7. A cell comprising an isolated nucleic acid sequence encoding a protein 

9 comprising SEQ. ID. NO. 4. 

10 8. A cell comprising an isolated nucleic acid sequence encoding a protein 

1 1 comprising SEQ. ID. NO. 5. 

12 9. A cell comprising an isolated nucleic acid sequence encoding a protein 

13 comprising SEQ. ID. NO. 6. 

14 10. The process whereby the hydA genomic or cDNA sequences from green algae 

15 arc used directly or upon modification of their promoter region in order to 

16 over-express the precursor/mature protein for purposes of enhancing yields of 

17 hydrogen production. 

18 II. The process whereby hydA genomic or cDNA from green algae is used to 

19 transform other organisms (cukaryotic or prokaryotic, unicellular or 

20 multicellular, photosynthctic or non-photosynthetic) for purposes of hydrogen 

21 production. 

22 12. The process whereby othydA genomic or cDNA from green algae is used in 

23 random or targeted mutagenesis to alleviate, partially or totally, the natural 
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1 oxygen sensitivity of the green alga iron-hydrogenase, thus permitting 

2 hydrogen production under aerobic conditions. 
3 

4 
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Hydrogen evolution is observed in the green alga 
ScenedcsmuB obliquus after a phase of anaerobic adap- 
tation. In this study we report the biochemical nnd gc- 

A< * : A ncticnl chnrnctcri/.ation of a new type of iron hydrogen- 
asc (HydA) in thin photosynthetic organism. The 
monomcric enzyme has n molecular mnss of 44.5 kDn. 

AQ:I) The complete hydA cDNA of 2609 base pairs comprises 
nn open rending frnmc encoding n polypeptide of 448 
amino acids. The protein contnins n short trnnsit pep- 
tide that routes the nucleus encoded hydrogennse to the 
chloroplasl. Antibodies raised against the iron hydro- 
gennse from Chlumydomonas rcinhardtii renct with 
both the isolated nnd in Escherichia co/i ovcrexprcssed 
protein of S. obliquun as shown by Western blotting. By 
analyzing 5 kilobnscs of the genomic DNA, the transcrip- 
tion initiation site and five introns within hydA were 
revealed. Northern experiments suggest that hydA tran- 
scription is induced during nnacrobic incubation. Align- 
ments of S. obliquun HydA with known iron hydrogc- 
nnscs and sequencing of the N terminus of the purified 
protein confirm that HydA belongs to the clnss of iron 
hydrogenases. The C terminus of the enzyme including 
the catalytic site (H cluster) reveals a high degree of 
identity to iron hydrogenases. However, the lack of ad- 
ditional Fc-S clusters in the N-terminal domain indi- 
cates a novel pathway of electron transfer. Inhibitor 
experiments show that the fcrrcdoxin PctF functions as 
natural electron donor linking the enzyme to the photo- 
synthetic electron transport chain. PctF probably binds 

Aij:C to the hydrogenase through clcctrostntic interactions. 



Many proknryotcs and several eukaryotcs have an enzyme 
complex in common catalysing the reversible reduction of pro- 
tons to molecular hydrogen. The diverse group of hydrogenases 
can be divided into three classes according to their metal com- 
position in the active center (1). The nickel-iron hydrogenases 
are widespread among all bacteria families and have been well 
characterized during the last 30 years (2). The iron sulfur 
proteins consist of one lo four subuniLs and have an additional 
nickel atom in the catalytic site (3. 4). In contrast, the iron 
hydrogenases possess only |Fo-S| clusters and nn iron cofactor 
with nn unique structure of six iron atoms 15. G). The third class 
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of hydrogenases lacks the iron sulfur clusters as well as addi- 
tional metal atoms and was found only in mcthanogenic bac- 
teria (7. 8). 

Until now. iron hydrogenases have only been found in hy- 
drogen-producing anaerobic bacteria and protozoa (9-13). The 
enzymes allow fermentative anaerobes to evolve H 2 without 
exogenous electron acceptors other than protons (14). They 
show a high specific activity that is about 100 fold higher 
compared with the nickel-iron hydrogenases (lo). Further- 
more, all iron hydrogenases arc extremely sensitive to oxygen 
and carbon monoxide. The structures of the iron hydrogenases 
from Clostridium pastcurianum and Dcsulfoiibrio dcsulfuri- 
cans have recently been investigated by x-ray crystallography 
(16, 17). The proteins consist of one or two subuniLs and have a 
remarkable iron cofactor (H cluster) in the catalytic site. The H 
cluster contains an unusual superclustcr comprising a |4FclS) 
subclustcr and a |2Fe| center, which are bridged together by a 
single cysteinyl sulfur (18). A number of conserved amino acids 
forms a hydrophobic pocket that shields the |2Fe| subclustcr 
from the solvent. In all known iron hydrogenases at least eight 
conserved cysteine? were found at the N-terminal site of the 
protein that coordinate two further |4Fc-4SI clusters <F clus- 
ter). It is discussed that the F clusters arc responsible for the 
electron transfer from the surface of the protein to the active 
site (17. 19). 

In green algae. Gaffron (20) discovered a hydrogen metabo- 
lism 60 years ago. After anaerobic adaptation, he observed both 
H 2 uptake and hydrogen evolution dejwndcnt on the C0 2 par- 
tial pressure (21. 22). After bubbling the cells with an inert gas 
like argon, high rates of H 2 production can be measured in the 
light (23). Electrons arc supplied either by photochemical wa- 
ter splitting at photosyslem II. which results in simultaneous 
production of hydrogen and oxygen, or by metabolic oxidation 
of organic compounds with release of C0 2 (24-27). Light-de- 
pendent electron transport from organic substrate through the 
plastoquinonc pool to the hydrogenase provides the cells with 
ATI' under anaerobic conditions (2S. 29). 

From the unicellular green alga Chlamydomonas rcinhardtii 
a monomcric iron hydrogenase with high specific activity has 
been isolated (30. 31). In contrast, a nickel-iron hydrogenase 
was described for another well examined green alga. Scenedes- 
mus obliquus (32. 33). The protein consists of two subuniLs of 
about 36 and 55 kDa and might be located in the chloroplasl. 

To investigate whether hydrogenases of the iron-only type 
also occur in green algae other than C. rcinhardtii. we decided 
to look for the gene of a hydrogenase in S. obliquus. Interest- 
ingly, we isolated the protein and the gene encoding a mono- 
mcric iron hydrogenase (HydA). Although the H cluster of the 
HydA protein ofS. obliquus is very conserved, the N-tcrminal 
site is completely different compared with other iron hydroge- 
nases. Further cysteines arc not present. These cysteine resi- 
dues coordinate the typical F clusters that are necessary for the 
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electron pothwny in olhor iron hydrogenascs. We performed 
physiological measurements of the hydrogen evolving activity 
in the present of chloroplnsl fcrrcdoxin specific inhibitors as 
well ns antibodies against this protein. The results clearly 
indicated that fcrrcdoxin transfers electrons to the hydrogcn- 
asc and links the enzyme to photosynthesis. The expression of 
the hy<lA gene is regulated at the transcriptional level. The 
mRNA is transcribed very rapidly during the process of anaer- 
obic adaptation. 

KX PK11 1 M KNTA1. PHOCKDUKES 
Algae Strains. Gnnvth, and Anaerobic Conditions— Wild-type 
.V. obliquus Ktitzing 27GG wns obtained oriRinnlly from the cullurc 
collection of nlgne nt the University of Gollingen. Cells were cultured 
photohelerolrophicnlly (3 D in bnlch cultures at 25 *C under continuous 
irrndinncc of 150 iimol photons x m 7 s '. For nnncrobic adaptation. 
4-lilcr cultures were bubbled vigorously with nir supplemented with 5** 
CO,. After harvesting the cells in the mid exponential stage of growth, 
the pellet was rcsusponded in fresh Tris acetate phosphate medium. 
The algae were anaerobically ndapled by flushing the culture with 
argon in the dark. 

Hydrogen Evolution Assay— The in vitro hydrugennse activity was 
measured by using a gns chromatography from Hewlett Packard (HP 
5890, Scries II) equipped with a thermal conductivity detector and a 
molecular sieve column. Methylvioiogen reduced by sodium dithionile 
was used ns electron donor ns described before (30). 1 unit is defined ns 
the amount of hydrogen n so evolving 1 »imol M, * min 1 at 25 *C. 

The in rim activity in the presence of different inhibitors of the 
pholosynlhelic electron flow was determined as descril>cd (30). After 
anaerobic ndnplntion. cells were harvested, diluted in fresh Tns acetate 
phosphate medium, and transferred to senlcd lubes. Inhibitors were 
added I h before II, evolving activity was measured. Cells were broken 
by Ronificnlion. Thylnkoid membranes nntl pholosynthctic electron 
transport chnin remained intact as shown by O, polnrogrnphy. Kerrc- 
doxin of C. rrinhardtii and .S*. obliquus was isolated according to the 
method of Schmilter et at. (35). 

liapid Amplification of cl)SA Ends- Polymerase Chain Hcnetian — 
KACK-PCK (35)' was performed with the SMAKT™KACE cDNA Am- 
plification Kit (CLONTKCH Lnlwrnlones. Palo Alto. CA) according to 
the manufacturer's recommendations except for modifications of the 
PCK and hybridizntion conditions. Starting mntcrial consisted of 1 *ig of 
mKNA Trom nnnerobically adapted cells. The reverse transcription re- 
action wns carried out with a Moloney murine leukemia virus reverse 
transcriptase in two separate reaction tulws containing either the 5'- or 
the 3-KACK-PCK specific primer from the kit. The cDNA or each 
sample served ns template Tor the following i*CK. Kor the 5*-RACE- 
PCK. Universnl Primer Mix and the nntisense primer Sc7 were used. 
The amplification of the 3' cDNA end was performed with Universal 
Primer Mix and the sense primer Sc6. To obtain more distinct PCK 
signals, the PCK wns repented for both reactions with nested universal 
primers and designed primers (inverse Sc6 and inverse Sc7, respec- 
tively) using a dilution of the products of the first PCK ns template. 

Primer Extension— KACK-PCK was also implemented to map the 
trnnscription initiation site of the hydA mKNA (37). A gene-specific 
primer <Scl7) was used to carry out the first strand cDNA synthesis 
with the Supercripl 11 reverse transcriptase (Life Technologies. Inc.) 
nnd200 ng of mKNA ns template. PCK was performed using cither Scl2 
or Sc27 and the SMAKT™ specific ndnptcr primer Universal Primer 
Mix. Two different UNA frngments of 231 and 183 bp were amplified 
under standard PCK conditions. Both fragments were cloned into the 
pGem®T-Ensy vector (Promcgn. Madison. Wl) and sequenced using 
primers from the jwlylinkrr of the vector. 

Genome Walking with Genomic l),S'A— Applying the CLONTECH 
Genome Walker Kit. grnomic libraries from S. obliquus were generated 
by digestion with different blunt end cutting endonucleases (Atari. 
Drat, f Villi. HincW. nnd A;rr>KV) and by adapter lignlion at the ends or 
the resulting UNA frngments. These libraries were utilized as inde- 
pendent templates in five different l*CR reactions (38). Two gene- 
specific primers (Sc27 nnd Sc35) derived Trom the hytiA cDNA sequence 
ofS. ahliquus were used in combination with a kit adapter primer (API) 
in n first PCK reaction. Subsequently. 1 >d of the first PCK serv ed as a 
template in n secondary PCK. applying two nested gene-specific prim- 

1 The abbreviations used are: RACK, rapid amplification of cDNA 
ends; PCK. polymerase chnin reaction', bp. base pnirfs); PAGE, poly- 
ncry'lornide gel electrophoresis. 
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Bioc/icmica/ data comparison of purified iron hydrogenascs from 
C. reinhordtii and S. obliquus 



C. rxinhartitti 



Size 


49 kDa 


41.5 kDa 


Specific activity 


935 units'mg protein 


700 units/mg protein 


Temperature optimum 


60 *C 


60 'C 


pll optimum 


6.9 


7.3 


Localization 


chloroplasl stroma 


chloroplast 


Coding site 


nuclear 


nuclear 


pi value 


5.3 


5.17 


A'„ value (MV) 
E u (fcrrcdoxin) 


630 p.M 


S00 f«M 


35 fi.M 


ND 1 



" ND. not determined. 

Tabu: II 

Effects of different photosynthetical inhibitors on hydrogcnasc activity 
After anaerobic adaptation, cells were harvested, diluted in fresh 
TAJ' medium, and incubated with inhibitors as described under "Ex- 
perimental Procedures." n-PctF-antibody was raised against spinach 
reiredoxin. DCMU. 3-(3.4-dichlorophenyl)-l.l dimethylurca: DBMIB. 
2.5 dibromo-3-methyl-6 isopropyJe p benzochinonc; Sulfo-DSPD. sulfo- 
disalicylidincpropaned iamin: DCPtP. 2.6-dichlorophenolindophcnol. 

Hydroc*na«e aclmly 





om/l/nf rhlornphyil 


Intact cells (control* 


0.11 


- DCMU (10 *m) 


0.10 


- DBMIB (10 *' M) 


0.005 


Broken cells 


0.1 


- DCMU '10 ' Mi 


0.11 


- DBMIB ( 10 '• M» 


0.006 


- DCPJPU0 ' Mi 


0.003 


♦ sulfo-DSPD (10 * mi 


0.003 


- n.PetF-antibodv<l:1000> 


0 oos 



ersU-SclOand Sc32") along with a nested kit adaptor pnmerfAI*2> The 
resulting products were cloned into pGemST-Easy and sequenced. Se- 
quencing was performed by the dideo.xy chain termination method (39*. 

Purification of the Irnn Hydrogcnasc — 10-liter cultures of S. obliquus 
were grown heterotrophically. After ccntnfugation (10 min at 5000 r 
g). the pellet was rcsusponded in 200 m! of Tns acetate phosphate 
medium The cells were anaerobically adapted by flushing the solution 
with nrgon for 1 h in the dark. All further purification steps were 
perrormed in an anaerobic chamber (Coylab. town. MI). The ceils were 
disrupted in a 50 m.M Tris/HCl butter. pH S O. 10 m.M sodium dithionite 
by voricxing3 min with glass beads. The further purification steps w C rc 
made as described earlier for the isolation of the iron hydrogenase of 
C. reinhordtii (30). Automated Edman degradation of the N-tcrminal 
site of the protein was performed with an Applied Biosystcm model 
477A sequencer with online Analysator model 120 A. 

RA'A Blot Hybridization— Total UNA of S. obliquus was isolated 
according to the method described earlier (10). Equal amounts <20 ,«K> 
were separated electrophorelically on 1.2^ agarose gels containing 
formaldehyde (41). The RNA was transferred onto nylon membranes 
(Hvbond". Amersham Pharmacia Biotech) and hybridized with KNA 
probes labeled with DIG-dUTP using the in vitro transcription method. 
A 1.3-kilobase £coRi cDNA fragment was used to detect transcripts of 
the hydA gene, whereas a DIG-dUTP-labelcd cDNA encoding constitu- 
lively expressed plastocyanin (42) was used as control. Hybridization 
reactions were carried out using protocols supplied by the manufacturer 
(Koche Molecular Biochemicals). 

Sequence Analysis Sofia are— Nucleic acid and protein sequences 
were analvzed with the programs Sci Ed Central (Scientific Educational 
Software)" and ClustalW (43>. The Blast server 1441 of the National 
Center for Biotechnology Information < Bcthseda. MD* was used for data 
base searches. 

Recombinant Expression in Escherichia coh— The hytiA open readme 
frame was amplified by PCK using the primer pair Sc29 and Sc30 
containing flanking Sdc\Bam\\\ sites. The PCK product was cloned 
into the pGcmST-Easy vector. After digestion with S'de\Bam\\\. the 
hydA gene was cloned into the corresponding site of the pET9a expres- 
sion vector (Promega) producing pLF29.2. The insert of pLF29.2 was 
sequenced confirming that the fragment contains the exact full coding 
region of the hydrogenase without transit peptide. E. colt strain 
BL2KDE3)pLysS was transformed with pLF29.2. Expression was in- 
duced with 1 m.M isopropyl-ihio-0-O-galaclosidc at an f\,s*\ of 0.3. Pel- 
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Icled cells were resuspended in lysis buffer 1 100 m.M Tns/llCI. 4 m.M 
KDTA. 161 glycine. Vh SOS. 2H mcrcnptoethanol. 0.05* bromphenol 
hlue, 8 M urea). After heating, the protein extract was separated by 1(W 
SDS-PAGK nnd blotted onto a polyvinylidene difluoride membrane. 
Western blot nnnlyses were |>orformpd using nnttsern against the iron 
hydrogenase nf C. mnhnnltii nt 1 : 1 0f>0 dilution as descried earlier 

♦.in. 

KKSULTS 

Induction of Hydrogcnasc Activity and Purification of the 
Iron Hydrogcnasc Protein— Anaerobic adaptation is the most 
efficient way to induce hydrogcnasc activity in S. obiiquus. 
Hubbling the alga culture in the dark with argon led to a 
dramatic increase (10-fold) of hydrogcnasc activity during the 
first 2 h. We purified the enzyme of S. obiiquus to homogeneity 



S3C\ H/ndl EcoSV f.'c/d 




?-• 

1.5- 

Kl«. 2. The hydA gene is located in the genome of S. obiiquus ns 
a single copy gene. Southern analysis was carried out by digesting 
genomic DNA of 5. obiiquus with four different restriction endonucle- 
nscs (Sari. Hindi. EcoKV. and .Vrfrl). 10 »c of DNA was loaded per 
lane. The S2 DNA- Probe C<bQ bp) was used for the hybridization as 
indicated in Fig. 1. 

In S. obiiquus. the hydrogen evolution is linked to the pho- 



by successive column chromatography. Bccausc.thef.enxyinaTS.'t; tosynthctic electron transport chain through PSt. As shown in 
• iirttfSSteteii^fctiy* Table II. the cells were still able to photoproduce hydrogen 

:fc«tg»(i£m*pe5(^^ cleclron n ° u * of PSI1 WM oIockc<i hv 3-«3.4-dich!orophc- 

- irTthe^pro^M o^ nyh-l.l-dimcthylurca. In contrast, addition of 2.. r whhromn-3- 

scheme resulted in a "5200-fnM purification of HydA with 'tlr 



recovery (data not shown!. The most powerful step for purifying 
the protein was a Q-Sephnrosc high performance column chro- 
matography with pi I gradient elution. Gel filtration chroma- 
tography of hydrogcnasc on a calibrated Superdex-75 column 
resulted in a single activity peak corresponding to a molecular 
mass of -15 kOa. The monomeric structure of the enzyme could 
also be shown on a SDS-polyacrylamide gel after Coomassic 
Hlue staining (data not shown). The N-terminal sequence of 
HydA was determined by Kdman degradation. The protein 
sequence ( AG I TA rX I) K I T A I WI'KAAl I W Q ) is. except for two 
amino acids, identical to the amino acid sequence deduced from 
the DNA data (AGITAKCDCPPAPAPKAPHWQ). In the 
course of our purification procedure, wc never found a hint for 
a second hydrogcnasc in S. obiiquus because the hydrogenase 
activity was never separated in several distinct fractions. Bio- 
chemical data show a high similarity of HydA to the iron 
hydrogcnasc from C. reinhatdtii (Tabic I >. The enzymes have a 
high temperature optimum of about GOT. are strongly inhib- 
ited by 0 2 and CO. and catalyze the )l 2 evolution with a typical 
high specific activity. Ks)>erimcnLs with inhibitors of transla- 
tion on ribosomcs (data not shown) and analysis of the gene 
structure (see below) show that HydA from 5. obiiquus is 
translated in the cytoplasm nnd then transported into the 
chloroplast. 

Fcrredoxin h the Natural Electron Donor of the Iron Hydro- 
genase— Hydrogcnasc activity was determined in intact and 
broken cells after anaerobic adaptation. The integrity of the 
photosynthctic electron transport in the sonified cell prepara- 
tion was demonstrated by the rate of oxygen evolution (154 
jimol Oj/mg Chi x h). This rate corresponds to 85^ of the 
oxygen evolution measured with intact Sccnrdcsmus cells. 
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inethyI-G-i5opropylev>-lx'n;.ochinonc resulted in inhibition of 
the II, production, thus giving evidence of the involvement of 
PSI in the supply of electrons to hydrogenase. The electron 
transport from PSI to fcrredoxin was inhibited using the arti- 
ficial electron acceptor 2.6-dichlorophcnolindophcnol. In this 
reaction. 2.6-dichlorophenolindophenol is reduced instead of 
ferredoxin. and the electron transfer to hydrogenase is 
interrupted. 

Hydrogcnasc activity was dramatically reduced tup to 30- 
fold) by the fcrredoxin antagonist sulfo-disalicylidincpropan- 
diamine (Table II). Similar results were achieved with .i-PctK- 
antibodics that specifically recognize the ferredoxin protein. In 
both cases, the hydrogenase enzyme can not evolve hydrogen, 
thus demonstrating the role of fcrredoxin as the obligatory 
electron donor for the hydrogenase reaction. 

The electron transfer properties of different plant-type ferrc- 
doxins were measured in euro with dithionitc as reducing 
reagent. The fcrredoxin proteins of spinach. C. rcinhardtii. and 
S. obiiquus were comparable regarding their capability to re- 
duce purified S. obiiquus hydrogcnasc. In this assay, we ob- 
tained Revolving activities of 420. 390. and 350 units/mg 
protein with 5. obiiquus. C. rcinhardtii. and spinach ferre- 
doxin. respectively. No hydrogen production could be measured 
with other possible electron donors like cytochrome and 
NADPH. In D. dcsulfuricans the iron hydrogcnasc was re- 
ported to catalyze both hydrogen production and uptake with 
low potential multiheme cytochromes like cytochrome c, 1 17). 

Molecular Characterization of hydA Encoding an iron Hy- 
drogcnasc— To isolate the gene encoding a iron hydrogcnasc in 
5. obiiquus. we isolated poly(A>' RNA from cell cultures after 
1 h of anaerobic adaptation. Isolated RNA was transcribed and 
amplified by reverse transcripiion-PCK using oligonucleotides 
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Kl>: .1 1'nnipnrijitin of Ihr ilnlurrtl II yd A protein sequence with other iron hydrocennscv The protcir. .liimnicr.". ■*.!« dorm !<y u>:r.L' 
the Vector N i l prncrnm I InfnrMn.x ). WhtW Irttrm with Mark background indicate amino acid? identical to the HydA protein, lilnck ittlrrr wtshj.v«iy 
hnrkgrnwul inrlicnlr constrrv^l chnnRP!" nf thr amino ncirls. 5. o.. S. obliquut (this worki. M. r . MrKmphacra clftlcnu « 1 3 ». D. <('.. D. drsulfuncan* 
H7>. 7. i'.. Trtrlmmnnn* rafitnnlis < 10). C. p . C. pn.tlruriooHm (9); T. m,. 7. man'/imn 1 12i. ,V. o.. ,V. 010/15 (111. 



derived from conserved regions within the C. rcinhardlit hydA 
gene. 2 The complete cDNA clone of 2609 bp was obtained by 5'- 
and 3'-KACE l*CH. It contains an open reading frame of 1344 
bp encoding a polypeptide of 448 amino acids (Fig. 1) followed 
by an extensive 3'-untranslatcd region of al>out 1 100 bp. The 
coding region of S. obliquus hydA exhibits features common to 
other green algae such as high GC content (64.2Cr) and 0 
characteristic putative polyadcnylation signal. TGTAA. 15 bp 
upstream of the poly(A)' sequence (4T)). 

In an effort to examine the exon-intron structure and the 
promoter region of the hydA gene, about 5 kilobascs of the 
genomic DNA from S. obliquus were sequenced. The gene com- 
prises five inlrons with a total size of 1310 bp (Fig. 1 1 whose 5' 
and 3" ends contain typical plant splice donor and acceptor sites 
that follow the GT/AG rule. 

A genomic Southern blot was probed with a 750-bp PGR 
fragment to determine the copy number of the hytiA gene (Fig. 
2). Single bands were observed in lanes with samples digested 



1 T. Ilnppr. unpuhliithrd results. 



with //t'ncll. £coRV. and t\'dcl and a double band in the lane 
containing genomic DNA digested with Sad. The band migra- 
tion positions matched the sizes predicted from the sequence of 
the hydA gene, indicating that HydA is encoded by a single 
copy gene (Fig. 2). The same hybridization pattern was ob- 
served even under low stringency conditions (hybridization 
temperature 50 *C; data not shown). The transcription start 
position was determined by primer extension using RACF-PCR 
and was found 139 bp upstream of the ATG start codon. W c 
designed several primers within 100 bp of the 5' end of the 
known hydA cDNA to confirm the accuracy of the transcription 
initiation site. All of the sequenced PCR clones had the same 5" 
ends at position * 1. As described for other green algae genes, 
a highly conserved TATA box clement upstream of the tran- 
scription starting point is absent (46). However, the TACATAT 
motive at position -25 in a GC-rich region shows similarities to 
other TATA motives in C. rcinharddi and therefore might be 
involved in gene expression. 

HydA Is a Novel Type of Iron Hydrogcnasc— The polypeptide 
derived from the cDNA sequence has a length of 446 amino 
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Kin. -t. llecnmbinnnt expressed llycIA react* with nntibodic* 
mined against C. rcinhardtii iron hydroKcnnw. The ArrM Renr 
codinr region rorreppondinc to amino acid 36 lo residue 4-18 was cloned 
■VrM./Jnmlll mln pKTOa. HydA protein wnj expressed upon induction 
with IJTG. Is\ne I. rrcomlunnnt expressed HydA protein from 
S. obliquus: lone 2. recombinant expressed iron hydrocenasc from 
C. rrinhanittt; law .1. purified hydroconase from C. mnhanttii: lane 4. 
total proteins from induced K. mlt cells without plasmid. A. SDS-PAGE. 
Istinc A/, moleculnr mnss marker (Bin-Had) indicating, relative molecu- 
Inr masses in kDa. SDS-PAOK stained with Coomassie Blue is shown. 
/J. Western hint probed with HydA nnlihody. The recombinant proteins 
of laws I nnd 2 from A were diluted 1:10. 

ncids nnd a predicted moleculnr mnss of 48.5 kDn (44.5 kDa 
without transit peptide, respectively); consequently. HydA is 
the smallest hydrogcnasc protein known so far. The N termi- 
nus of HydA is basic nnd contains numerous hydroxy la led 
amino ncids and nn Val-Xaa-Aln motive at position 35. a char- 
acteristic fenture of chloroplnst transit peptides (47. 48). 

The processed HydA protein is compared with four bacterial 
F *' nnd two cuknryotic iron hydrogenases as shown in Fig. 3. The 

homology in the C-tcrminal region of all proteins is quite strik- 
ing. For example, the Ji. obliquus HydA protein shows 44Tr 
identity and 57*^ similarity to the C. pastrtiriantim iron hydro* 
genase (9). The H cluster in S. obliquus might be coordinated 
by four cysteine residues at positions 120, 175, 335. and 340. 
Other strictly conserved amino acid structures like FTSC- 
CPGW (343-350). TCCVMEAALK (474-483), and MACPG- 
G CAA'G GG Q P ( 5 7 G -589 ) probably define a pocket surrounding 
the active center as shown by the structural data of C. pastcur- 
ianum nnd D. dcsulfuricans (16. 17). On the other hand, the 
N-tcrminnl region is completely different from all other iron 
hydrogenases. The protein sequences of the other enzymes 
comprise at least two |4Fc-4S| fcrrcdoxin-likc domains (called 
F cluster) that are necessary for the electron transport from the 
electron donor to the catalytic center. The iron hydrogenases of 
C. pasicurionum. Thcrmotnga maritima. and Nxctothcrus ova- 
lis (9. 12. 1 1) contain an extra |4Fc-4SI cluster and one |2Fe-2S) 
center. This N-tcrminnl domain with the F cluster or other 
IFc-SI centers is completely lacking in HydA of S. obliquus. 
This indicates that there is a direct electron transport pathway 
from the exogenous donor to the H cluster. 

To verify that the isolated cDNA encodes a iron hydrogcnasc. 
the hydA clone was expressed in the heterologous system 
E. coli. One hand of recombinant HydA protein was observed on 
SDS-PAGE at -44 kDa. in agreement with the molecular mass 
of the polypeptide predicted from the cDNA sequence. Antibod- 
ies raised against the HydA protein of C. rcinhardtii, which 
cross-react with other iron hydrogenases but not with nickel- 
iron hydrogenases (data not shown), were applied in Western 
blot analysis. One distinct signnl with the ovcrcxprcsscd HydA 
F4 protein of 6*. obliquus was obtained (Fig. 4). 

The lysaln of induced E. coli cells exhibited no hydrogcnasc 
activity. This result corresponds lo observations by Voordouw 
cl nl. (50) nnd Stokkcrmnns rl at. (51 1, who also delected no H 2 
production of recombinant iron hydrogenases in E. coli cells. 
The renson for thai might l>c that the bacterial cells do not 
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have the ability to assemble the special H cluster of iron 
hydrogenases. 

Rapid Induction of hydA mH,\'A during Anaerobic Adapta- 
tion—The regulation of the hydA gene expression was exam- 
ined by Northern blot analysis and reverse transcription-PCK. 
Acrobically p-own cells of S. obliquus did not show a hydrogen- ^ 
ase activity (Fig. 5.4 ). Total RNA and also mKNA were isolated 
from cells that were induced by argon bubbling for 0. I. and A h. 
Northern hint analysis and reverse transcription-PCK demon- 
stratcd that the hydA penc is expressed after anaerobic adap- 
tation. There is a very weak signal without adaptation </ = 0'. 
but strong signals of the transcript could be detected after 
anaerobic induction ( Fig. 5. B and O. The full length of the 
hydA cDNA clone was confirmed by the transcript sicnal <2.G 
kilobascs> on the Northern blot. 

DISCUSSION 

In green algae, the occurrence of a hydrogen metabolism 
induced by anaerobic conditions is well established. Despite the 
great interest in hydrogen evolution for practical applications 
Cbiophotolysis"), the hydrogcnasc genes from gTcen algae have 
not yet been isolated. The hydA gene and the isolated HydA 
protein of S. obliquus that we present in this work belong to the 
class of iron hydrogenases. 

Iron hydrogenases have been isolated only from certain an- 
aerobic bacteria and some anaerobic eukaryotcs as well as from 
the anaerobically adapted green alga C. rcinhardtii <30). The 
enzymes arc found lo exist in monomcric (9. 13. 53. 54 1, dimeric 
(17). and multimcne (12) forms; however, in eukaryotcs only 
monomcric proteins have been isolated (10. 1 1). 

The HydA protein of S. obliquus is synthesized in the cyto- 
plasm. The first 35 residues ( Met' -Ala 1 '") of the amino acid 
sequence derived from the cDNA sequence arc supposed to 
function as a short transit peptide that routes the nuclear 
encoded protein to the chloroplast. Several positively charged 
amino acids that describe a typical feature for algal transit 
peptides (47) are found in HydA. The three terminal residues of 
the signal sequence. Val-Xaa-Ala. constitute the consensus se- 
quence for stromal peptidases (48). 

The hydrogcnasc of S. obliquus represents a novel type of 
iron hydrogcnasc The monomcric enzyme of 44S amino acids 
and a calculated molecular mass of 44.5 kDa for the processed 
protein is the smallest iron hydrogcnasc isolated so far. The 
protein sequence consists of an unusual N-terminal domain 
and a large C-termina! domain containing the catalytic site. 
The structurally important C terminus of the 5. obliquus HydA 
sequence is very similar to that of other iron hydrogenases. 
Four cysteine residues at positions 120. 175. 33G. and 340 
coordinate the special |6Fe) cluster (H cluster) of the active site 
(Fig. G). A number of additional residues define the environ- KG 
mcnt of the catalytic center. Peters ct al. (16) postulated 12 
amino acids in C. pastcurianum to form a hydrophobic pocket 
around the cofactor. Ten residues are strictly conserved, while 
two amino acids van" within the iron hydrogcnasc family 
(Scr 2 ' 12 and llc 3 *^ in C. pastcurianum, Ala 119 and Thr 1 ' 1 '' in 
T. vaginalis, and Ala 44 and Thr*° in 5. obliquusi. A small 
insertion of 16 amino acids is noted in 5. obliquus. but this 
addition occurs in an external loop of the protein and probably 
has no special function (Fig. 6). 

Until now. all iron hydrogenases possessed a ferredoxin-like 
domain in the N terminus coordinating two |4Fc4S| clusters 
(FS4A and FS4D; Refs. 10 and 13 and Fig. 6). The iron sulfur 
clusters facilitate the transfer of electrons between external 
electron donors or acceptors and the H duster. The N terminus 
of the S. obliquus protein is strongly reduced compared with 
other iron hydrogenases, and no conserved cysteines arc found. 
Therefore, we postulate that all accessory Fc-S clusters (FS2. 
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Fig. 6. Schematic alignment of the 
conserved cysteine residues and 
other important amino acids of the II 
cluster. The protein is illustrated as a 
large gray arrow. Small arrows indicate 
paralletogrnms which demonstrate con- 
served amino acids in the protein. Cys- 
teines participating at the coordination of 
the IFeSI clusters arc gray, whereas 
identical amino acids arc block. An inser- 
tion of IB nmino ncids in the .S\ obliquus 
protein is illustrated ns n s/«i//r«/ bnr. 
FS4. MFe-ISI cluster; hS2. |2rr-2S| 
cluster. 
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FS4A, FS4B, and FS4C) arc missing. No hints for a second 
subunit have been observed during purification of the protein. 

In contrast to earlier observations in S. obliquus (32). we 
could neither detect the postulated two subunits of a potential 
nickel-iron hydrogenase nor find a nickel dependence related to 
the hydrogcna5c activity. Francis reported about two forms of 
hydrogennscs in S. obliquus (52). but although we used the 
same alga strain and identical adaptation conditions, wc were 
not able to detect a second hydrogenase activity during the 
purification steps. 




I HI! « 1 

Physiological studies have shown that the hydrogen evolu- 
tion is coupled to the light reaction of the photosynthesis (24- 
26). In contrast to earlier observations in S. obliquus (25. 26). 
wc measured PSII independent H 2 production that is not in- 
fluenced by 3-(3.4-dichlorophenyl)-l.l-dimethylurca. The elec- 
trons required for H 3 evolution come from redox equivalents of 
the fermentative metabolism and arc supplied into the photo- 
synthetic electron transport chain via the plastochinonc pool. 

For the first time we demonstrate that the fcrrcdoxin PetF 
functions as the in vivo electron donor of the iron hydrogenase 
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Fin. 7. Schematic view of the struc- 
ture* of S. obliquui llydA OA) and the 
electron donor fcrrcdoxin (ZJ). The fig- 
ure shows the o carbons nnd the side 
chnins of chnrRed residues that might be 
importnnt for the electron transfer reac- 
tion or the internet ion between MydA nnd 
the ferrednxin from 6". vacunlatus (581. 
The 16-nmino ncid insertion of the hydro- 
genasc npj>enrs as external loop and is 
distinguished as dotted line. The nmino 
acid sequence of the mnture MydA protein 
<His"-Tvr ,0 *> was submitted to the 
SWISS-MODKL server (59). We gener- 
ated a model of MydA with the known 
three-dimensional structure of the iron 
hydrogennse from C. pastrurianum 116) 
as template, sharing 571 sequence iden- 
tity with the submitted sequence. The 
Protein Data Hank file wns visualized by 
the Swiu-I'DB viewer (57). 




from 5. obliquus. Hydrogcnasc activity can be specifically 
blocked by addition of the fcrrcdoxin antagonist sulfo-disalicy- 
lidincpropandinminc {. r )f>) nnd antibodies raised against the 
PclF protein. In vitro, n hydrogen evolution by MydA was only 
measured with plant-type |2Fc-2SI ferrcdoxins like PctF of S. 
obliquus, C. rrinhnrtltii, nnd spinnch as electron mcdintors. 
Bacterial iron hydrogonnsrs nre known to be reduced by |4Fe- 
•1S| fcrredoxins nnd do not accept electrons from plant-type 
proteins (. r >6). 

The analysis of the three-dimensional structure of the iron 
hydrogcnasc from C. pustcurianttm (Cpl) gave evidence that 
the interaction with external electron donors might occur at the 
ncccssory |Fc-S] clusters in the N-tcrminal domain (14). Based 
on the x-ray structure of Cpl. we modeled the iron hydrogcnasc 
of 5. obliquus (. r >7>. As shown in Fig. 7, a region of positive 
surfnee potenlinl is observed within HydA based on a local 
concentration of basic residues. In contrast to the docking po- 
sition of fcrrcdoxin in Cpl, these charged amino acids in the 
5. obliquus iron hydrogcnasc arc located within the C-lcrminn! 
domain, forming a niche for electron donor fixation. 

The known nlgnl fcrrcdoxin proteins exhibit high degrees of 
sequence identity (over B53 ). and the charged amino acids arc 
strictly conserved. The pctK sequence of S. obliquus is un- 
known, but very recently the x-ray model of the fcrrcdoxin from 



another Sccnedesmus species (Sccncdesmus vacuolatus; Rcf. 
58) was published. The structure revealed negatively charged 
amino acids like aspartate and glutnmate near the l2Fc-2SI 
cluster. The IFc-S) center and the H cluster of the hydrogcnasc 
probably come into close proximity through electrostatic inter- 
actions. This geometry is consistent with efficient electron 
transfer among these prosthetic groups. 

As already shown in various studies, a correlation exists 
between the duration of time of the anaerobic adaptation and 
the increase of hydrogen production (30. 32). Reverse transcrip- 
tion-PCR and Northern blot analyses with mRNA of aerobic 
and anacrobically adapted cells from 5. obliquus showed an 
increased level of hydA transcript after 1 h of induction. Cor- 
respondingly, hydrogen evolution was only measured after a 
short time of anaerobic adaptation. These results suggest that 
the expression of the hydA gene is regulated at the transcrip- 
tional level. The small amount of transcript that was detected 
at < = 0 may be due to transcript synthesis induced by micro- 
anaerobic conditions during the RNA isolation procedure. Al- 
ternatively, a low level of hydj\ transcript might be constitu- 
tivcly present in the cell and is only drastically increased after 
anaerobic adaptation. 
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r any patent issued thereon. 



Full Name of First or Sole Inventor 
Thomas Happe 


Citizenship 
Germany (DE) 


Residence Address - Street 
Speckclstcinstrasse 55 


Post Office Address - Street 
Speckelsteinstrasse 55 


City (Zip) 

Euskirchcn (53881) 


City (Zip) 

Euskirchcn (53881) 


State or Country 
Germany 


State or Country 
Germany 


Date 

| , 2 ^ ( 100 j 


Signage ./ 



Applicant or Patentee: Thomas happc Attorneys Dock^ .\'o.: 01 MEL 1 

Serial or Patent No.: Not Available 

Filed or Issued: Concurrently Herewith 

For: Hydrogen Production. 



VERIFIED STATEMENT (DECLARATION) CLAIMING SMALL ENTITY 
STATUS (37 CFR 1.9(F) AND 1.27(B) - INDEPENDENT INVENTOR 

As a below named inventor, I hereby declare that I qualify as an independent inventor as defined in 37 CFR 
1.9(c) for purposes of paying reduced fees under section 41(a) and (b) of Title 35, United Slates Code, to the 
Patent and Trademark Office with regard to the invention entitled: Hydrogen Production, described in 

~ ) the specification filed herewith. 

□ application serial no. , filed . 

□ patent no. issued . 

I have not assigned, granted, conveyed or licensed and am under no obligation under contract law to assign, 
grant, convey or license any rights in the invention to any person who could not be classified as an independent 
inventor under 37 CFR 1 .9(c) if that person had made the invention, or to any concern which would not qualify 
as a smalt business concern under 37 CFR 1 .9(d) or a nonprofit organization under 37 CFR 1 .9(e). 

Each person, concern or organization to which I have assigned, granted, conveyed or licensed or am under an 
obligation under contract or law to assign, grant, convey or license any rights in the invention is listed below: 

[x] no such person, concern or organization exists. 
[ ] persons, concerns or organizations listed below* 

* NOTE: Separate verified statements are required from each named person, concern or 
organization having rights to the invention averring to their status as small entities. (37CFRI .27) 

FULL NAME 

ADDRESS - 

( ] INDIVIDUAL [ ) SMALL BUSINESS CONCERN [ ] NON PROFIT ORGANIZATION 

FULL NAME " \ 

ADDRESS ~ 

[ ) INDIVIDUAL [ } SMALL BUSINESS CONCERN [ ] NON PROFIT.ORGANIZATION 

' / 

FULL NAME 
A DDRESS 

[] INDIVIDUAL [ ] SMALL BUSINESS CONCERN [ ] NON PROFIT ORGANIZATION 

I acknowledge the duly to file, in this application or patent, notification of any change in status resulting in loss 
of entitlement to small entity status prior to paying, or at the time of paying, the earliest issue fee or any 
maintenance fee due after the date on which status as a small entity is no longer appropriate. (36 CFR 1 .28(b)). 

I hereby declare that all statements made herein of my own knowledge arc true and that all statements made on 
information and belief are believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or imprisonment, or both, under section 
1001 of Title 18 of the United States Code, and that such willful false statements may jeopardize the validity of 
the application, any patent issuing thereon, or any patent to which this verified statement is directed. 



Thomas Happe 

NAME OF INVENTOR 



SIGNATURE OF INVEN 



